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Abstract—This article proposes a continuous control set
predictive speed control (CCS-PSC) strategy for surface-mounted
permanent magnet synchronous motor (SPMSM) drives, where the
prediction horizon is short and the computational complexity is low.
The optimization problem of the proposed CCS-PSC is formulated
and analyzed. The current and voltage constraints are transformed
into incremental voltage constraints, which can be updated in real-
time. A reduced-order incremental model of SPMSM is adopted
for the prediction, where integrators are naturally embedded.
Hildreth’s quadratic programming algorithm is used to solve the
optimization problem, where the active constraints are identified
and the reference voltage is calculated. The performance of the
proposed strategy is validated through comparative experiments
with finite control set predictive speed control (FCS-PSC), cascaded
CCS-PSC and field-oriented control. The results demonstrate the
superb dynamic performance of the proposed CCS-PSC strategy,
while the phase current total harmonic distortion is relatively low.
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Machine
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I. INTRODUCTION

IN THE past decades, model predictive control (MPC) has
been intensively investigated in electrical drive systems,

which can be categorized into finite control set-MPC (FCS-
MPC) and continuous control set-MPC (CCS-MPC).

With intuitive principle, FCS-MPC utilizes the discrete na-
ture of switching devices to achieve multiple control objec-
tives [1]–[4]. The most common FCS-MPC strategies applied
to electrical drives are finite control set predictive current con-
trol (FCS-PCC) [5]–[7] and finite control set predictive torque
control (FCS-PTC) [8]–[12]. In FCS-PCC, the current tracking
errors are evaluated, while in FCS-PTC, the torque and flux
are controlled simultaneously. Generally, FCS-PCC and FCS-
PTC are cascaded with an outer speed control loop, where the
speed is controlled by proportional–integral (PI) controller. The
bandwidth of the PI speed controller is relatively low, which
impairs the speed response dynamics. Moreover, the distur-
bance rejection performance is poor. Although the disturbance
rejection ability can be improved by implementing disturbance
observer [13], [14], the tuning of the proportional gain remains
an issue.

Recently, finite control set predictive speed control
(FCS-PSC) has been proposed to replace the PI speed con-
troller, where the switching states are directly selected [15]–[22].
In [15], attraction regions of the currents are defined to achieve
maximum torque per ampere operation. The copper losses can
be reduced, however, multiple weighting factors need to be
tuned and speed overshoots are noticeable. In [16], the cost
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function is designed, where the high frequency components of
the current are penalized. The sampling interval should be small,
which means this strategy could be prone to noises. In [17], a
sliding manifold defines the evolution of the torque, where high
frequency torque ripples can be suppressed. However, different
norms are used in the cost function, which impairs the further
improvement of its performance. In [18], steady-state range
and transient-state range are defined, where the configuration
of the cost function is related to the operation point. A large
number of weighting factors should be designed and optimal
transition point between steady-state and transient-state cannot
be guaranteed. In [19], a PI speed controller is used to generate
the q-axis reference current to achieve short prediction horizon.
The q-axis current tracking error is evaluated in addition to the
speed tracking error. With the PI speed controller, high frequency
torque ripples are suppressed. Nonetheless, the evaluation of
the speed and q-axis current in different terms leads to speed
overshoots. Only one switching state is applied each sampling
period in [15]–[19], the current ripples are relatively high in
case of low sampling frequency. To reduce the current ripples,
duty-ratio and multiple voltage vectors are used without increas-
ing the sampling frequency [20], [21]. In [20], the duty-ratio
is selected through different stages of enumerations. Although
the current ripples are small, speed overshoots are observed.
In [21], reference voltages are calculated through dead-beat
(DB) concept, with which multiple voltage vectors are selected
and then applied. The selection of voltage vectors should be
modified in case of overcurrents. The modification process
is accomplished through heuristic analysis, where the merits
of MPC in handling constraints systematically are not fully
exploited.

An alternative to FCS-PSC is continuous control set pre-
dictive speed control (CCS-PSC), where its outputs are con-
tinuous within the feasible region. An outstanding merit of
CCS-PSC is the readiness to adopt pulsewidth modulation
(PWM), through which the current quality could be improved.
Sufficiently long prediction horizon is commonly used to cap-
ture the speed dynamics, since the mechanical time constant
is large. Nonetheless, long prediction horizon does not natu-
rally suppress speed oscillations/overshoots. Elaborate control
parameters (e.g., weighting factors, sampling time, prediction
horizon, control horizon) are required to suppress speed os-
cillations/overshoots. These speed oscillations/overshoots re-
sult in oscillations in the torque-related current. On the other
hand, long prediction horizon also contributes to the increase
of the computational complexity. The prediction horizon is
selected considering the computational capability of the pro-
cessor and control performance, which could be a compromised
solution.

CCS-PSC can be realized with or without cascaded
control structure. Cascaded CCS-PSC strategies with inner cur-
rent control loop are proposed in [23]–[25]. The incentive of
the cascaded structure is to predict and control the speed and
currents separately. In this manner, the issue arising from the
large time constant differences between the electrical- and the
mechanical system is avoided. Nonetheless, the ability of MPC
to realize multiple-input multiple-output (MIMO) control is not

fully utilized. Moreover, the outer loop speed MPC should be
tuned carefully to obtain a relatively smooth output, which is not
trivial. The cascaded control structure can be eliminated, where
the speed and currents are controlled simultaneously with a
single cost function [26]. However, without adequate weighting
factors, large speed overshoots can be observed albeit with long
prediction horizon.

The computational complexity induced by long prediction
horizon in CCS-PSC could be tackled by powerful processors
with additional cost. The real issue is, what is a “sufficiently
long” prediction horizon? The selection of the prediction horizon
as well as the tuning of the combined weighting factors could
be time consuming and challenging.

Based on the above considerations, we raised the fol-
lowing question: Is it possible to adopt a new CCS-PSC
control scheme to bypass the necessity of long predic-
tion horizon, without causing speed oscillations/overshoots?
If possible, the design flexibility could be tremendously
improved.

In this article, a CCS-PSC strategy with short prediction hori-
zon is proposed to obtain low current ripples, while maintaining
high dynamic response without speed overshoots or oscillations.
The main contributions of this article can be summarized as
following three points. First, the proposed strategy is realized
without long prediction horizon, which means the design flex-
ibility is improved and the computational burden is relatively
low. Second, current and voltage constraints are transformed
into respective incremental voltage constraints, which facilitates
the handling of constraints. Third, reduced-order incremental
model of SPMSM is used, where integral actions are inherently
embedded. In this way, the steady-state error (SSE) in speed can
be eliminated.

This article is organized as follows. First, the model of
SPMSM is given and the principle of PSC with reduced-order
SPMSM model is described. Second, the proposed CCS-PSC
strategy is illustrated in detail. Third, the effectiveness of pro-
posed CCS-PSC strategy is verified through comparative experi-
mental implementations. Major implementation aspects are also
discussed. Finally, conclusion is made based on the experimental
results.

II. SYSTEM DESCRIPTION AND PRINCIPLE OF PREDICTIVE

SPEED CONTROL WITH REDUCED-ORDER SPMSM MODEL

In this section, the full-order SPMSM model is first given.
Based on this full-order SPMSM model, the reduced-order
SPMSM model is deduced. Subsequently, the principle of PSC
with reduced-order SPMSM model is briefly introduced.

A. Full-Order SPMSM Model

The system dynamics of SPMSM in the synchronous rotating
d–q frame can be expressed as follows:⎧⎪⎨

⎪⎩
d
dt id = −Rs

Ls
id + ωeiq +

ud

Ls
d
dt iq = −Rs

Ls
iq − ωeid +

uq

Ls
− ωeψf

Ls

J d
dtωm = Te − TL

(1)
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where id and iq represent the d-axis and q-axis stator current,
respectively. ud and uq stand for stator input voltage on the
d-axis and q-axis, respectively. Rs is the stator resistance, Ls
is the stator inductance, ψf is the magnitude of the rotor flux
linkage, J is the rotor inertia, ωe is the electrical angular speed
of the motor, ωm is the mechanical angular speed of the motor,
Te is the electromagnetic torque, and Te = 3

2pψf iq , TL is the
load torque.

B. Principle of Predictive Speed Control With Reduced-Order
SPMSM Model

As shown in [15]–[26], numerous PSC strategies have been
proposed and the cost functions varied. The main challenge to
PSC is posed by the large difference between the electrical-
and mechanical time constant. The mechanical time constant is
much larger than the electrical one, which means the dynamics
of the currents are much faster than the mechanical speed. PSC
without adequate cost function may result in severe torque and
speed ripples.

In this section, PSC strategy based on reduced-order SPMSM
model is introduced. To obtain reduced-order SPMSM model,
equivalent speed tracking error is defined as [27], [28]

eω = ηmωerr + ω̇err (2)

where ωerr = ω∗
e − ωe. ωerr is the tracking error of the electrical

angular speed, ηm is a coefficient and ηm > 0,ω∗
e is the electrical

angular reference speed.
Remark 1: Consider eω as the input and ωerr as the output,

the transfer function of (2) can be expressed as

ωerr(s)

eω(s)
=

1

ηm + s
. (3)

It is obvious thatωerr can be controlled through the control of eω ,
where the dynamic response of the speed error can be adjusted
by tuning ηm. In this manner, short prediction horizon is enabled
since the speed and its derivative are controlled simultaneously.
The goal of PSC with reduced-order SPMSM model is to keep
the magnitude of eω as small as possible.

In PSC with reduced-order SPMSM model, the evolution of
eω should be predicted, which means its derivative ėw should be
known. The derivative of eω can be expressed as

ėw = ηmẇerr + ẅerr. (4)

Assuming ω̇∗
e = ω̈∗

e = 0, ėw can be expressed as

ėω = −ηmẇe − ẅe. (5)

Substitute (1) into (5) and consider eω as state variable, the
state dynamics of SPMSM with reduced-order are obtained{

d
dtew = − 3p2ψf

2LsJ
uq + gw

d
dt id =

1
Ls
ud + gd

(6)

where

gw =
3p2ψf

2J

(
Rs
Ls
iq + weid +

ψf
Ls
we − ηmiq

)
+
ηmp

J
TL

gd = weiq − Rs
Ls
id.

Remark 2: The terms gw and gd in (6) are regarded as distur-
bances. These terms are normally calculated with the nominal
parameters of the system and the accuracy of the calculations
depends on the knowledge of the system.

In practical applications, (6) should be discretized to predict
the evolution of eω and id. In this article, (6) is discretized with
the forward Euler approximation{

eω(k + 1) = eω(k)− 3p2ψfTs

2LsJ
uq(k) + gω(k)Ts

id(k + 1) = id(k) +
Ts

Ls
ud(k) + gd(k)Ts.

(7)

For notational simplicity, (7) is described in vector form

x(k + 1) = x(k) +HUdq(k) +Gω(k) (8)

where

x(k) =

[
eω(k)
id(k)

]
,H = Ts

[
− 3p2ψf

2LsJ
0

0 1
Ls

]
,

Udq(k) =

[
uq(k)

ud(k)

]
,Gω(k) =

[
gω(k)Ts

gd(k)Ts

]
.

The equivalent speed error dynamics eω and d-axis current
id are controlled in a single cost function. Considering one-step
computational delay, the cost function can be designed as

J = xe(k + 2)TWxe(k + 2)

+ kuΔUdq(k + 1)TΔUdq(k + 1) (9)

subject to

(ipd(k + 2))2 + (ipq(k + 2))2 ≤ i2max

(ud(k + 1))2 + (uq(k + 1))2 ≤ u2max

wherexe(k + 2) = x∗ − xp(k + 2),xp(k + 2) is the predicted

state vector at time instant k + 2, W =

[
kω 0
0 kid

]
, ΔUdq(k +

1) = Udq(k + 1)−Udq(k), kid, kω , and ku are the weighting
factors, respectively. x∗ = [0, i∗d]

T , i∗d is the d-axis reference
current. imax is the maximum allowable current magnitude,
umax is the maximum allowable voltage magnitude.

In cost function (9), the first term corresponds to the tracking
errors and the second term is used to penalize the control effort.
(9) can be used in FCS-PSC and CCS-PSC. For FCS-PSC,
the admissible switching states are enumerated and the one
which minimizes the cost function is selected and applied. For
CCS-PSC, the optimization problem is a quadratic program
(QP), which can be solved with QP solvers. The reference
voltage is calculated with the selected QP solver and modulation
techniques are used thereafter.

Remark 3: For FCS-PSC with cost function (9), the d-axis
current id oscillates during acceleration transients. At the start
of the acceleration, the equivalent speed tracking error is much
larger than id current tracking error. The two-norm exacerbates
such difference and the cost function tends to mainly penalize
the equivalent speed tracking error, which means id is less
controlled. To mitigate oscillations in id, 1-norm can be selected.
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Fig. 1. Control diagram of the proposed CCS–PSC strategy.

III. PROPOSED CCS-PSC STRATEGY

The control diagram of the proposed CCS-PSC strategy is
shown in Fig. 1. As depicted in the figure, the proposed CCS-
PSC calculates the reference voltage U ∗

αβ(k + 1), which is then
synthesized by selected modulation technique. The key elements
of the proposed CCS-PSC strategy are: reduced-order incremen-
tal SPMSM model, reformulated current/voltage constraints,
and the calculation of the constrained optimum.

A. Reduced-Order Incremental SPMSM Model

In (8), the calculation of gw and gd is parameter dependent.
In case of parameter mismatches, gw and gd cannot be calcu-
lated accurately. To improve the robustness against variations of
parameters, incremental form of (8) can be used

Δx(k + 1) = Δx(k) +HΔUdq(k) + ΔGω(k) (10)

where

Δx(k + 1) = x(k + 1)− x(k)

ΔUdq(k) = Udq(k)−Udq(k − 1)

ΔGω(k) = Gω(k)−Gω(k − 1). (11)

The system states xp(k + 2) at time instant k + 2 can be
predicted based on xp(k + 1) and Δxp(k + 2)[

Δxp(k + 2)
xp(k + 2)

]
=

[
I2 02

I2 I2

] [
Δxp(k + 1)
xp(k + 1)

]

+

[
I2

I2

]
HΔUdq(k + 1) +

[
I2

I2

]
ΔGω(k + 1) (12)

Note that the vectors/variables with superscriptp are predicted
values.

Remark 4: Since incremental model is used in the prediction
of xp(k + 2), integral actions are inherently embedded, which
can be explained by the eigenvalues of (12). The eigenvalues
can be calculated by setting its characteristic polynomial to zero

det [(λ − 1)I2 · (λ − 1)I2] = 0. (13)

It can be seen from (13) that all of the eigenvalues of (12)
are 1. Two eigenvalues originate from (8) and the other two are
from the incremental model, which means two integrators are
incorporated through the incremental prediction. In this manner,

the robustness of the system against parameter mismatches is
improved.

For notational simplicity, xp(k + 2) can be also expressed as

xp(k + 2) = σ(k + 1) +HΔUdq(k + 1) (14)

where

σ(k + 1) = xp(k + 1) + ΔGω(k + 1) +HΔUdq(k).

B. Unconstrained Optimization

Without considering system constraints, the unconstrained
optimization problem is to calculate ΔUdq,unc(k + 1), which
minimizes cost function (9)

ΔUdq,unc(k + 1) = arg min
ΔUdq

J. (15)

Substitute (14) into (9), the cost function (9) can be reformu-
lated as

J = ΔUT
dq(k + 1)(HTWH + kuI2)ΔUdq(k + 1)

− 2ΔUT
dq(k + 1)HTW (x∗ − σ(k + 1))

+ (x∗ − σ(k + 1))TW (x∗ − σ(k + 1)) (16)

where I2 is unit diagonal matrix.
Since HTWH + kuI2 is positive definite, J can be mini-

mized if ΔUdq satisfies the following condition:

∂J

∂ΔUdq
= 2(HTWH + kuI2)ΔUdq(k + 1)

− 2HTW (x∗ − σ(k + 1)) = 0. (17)

By solving (17), the unconstrained optimum can be expressed
as

ΔUdq,unc(k + 1)

= (HTWH + kuI2)
−1HTW (x∗ − σ(k + 1)). (18)

C. Current Constraints

The magnitudes of the currents should be constrained to pre-
vent overcurrent. Otherwise, it could lead to motor and inverter
damages. Conventionally, the current constraint is formulated as

i2d(k + 2) + i2q(k + 2) ≤ i2max. (19)

In practice, overcurrent usually occurs during the acceleration
or deceleration, where the q-axis current violates (19). There-
fore, current constraints can be imposed separately on individual
current: ⎧⎨

⎩
i2d(k + 2) ≤ i2d,max

i2q(k + 2) ≤ i2q,max

i2d,max + i2q,max = i2max

. (20)

Since incremental model is used in the prediction, (20) is
transformed into the constraints of incremental currents⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

Δid(k + 2) ≤ id,max − id(k + 1)
−Δid(k + 2) ≤ id,max + id(k + 1)
Δiq(k + 2) ≤ iq,max − iq(k + 1)
−Δiq(k + 2) ≤ iq,max + iq(k + 1)
i2d,max + i2q,max = i2max

(21)
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where {
Δid(k + 2) = Ts

Ls
Δud(k + 1) + a

Δiq(k + 2) = Ts

Ls
Δuq(k + 1) + b

(22)

and

a =

(
1− RsTs

Ls

)
Δid(k + 1) + ωe(k + 1)Δiq(k + 1)Ts

b =

(
1− RsTs

Ls

)
Δiq(k + 1)− ωe(k + 1)Δid(k + 1)Ts.

Substituting (22) into (21) yields⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Δud(k + 1) ≤ Ls

Ts
(id,max − id(k + 1)− a)

−Δud(k + 1) ≤ Ls

Ts
(id,max + id(k + 1) + a)

Δuq(k + 1) ≤ Ls

Ts
(iq,max − iq(k + 1)− b)

−Δuq(k + 1) ≤ Ls

Ts
(iq,max + iq(k + 1) + b)

i2d,max + i2q,max = i2max.

(23)

In this way, the current constraints (21) are transformed into
the incremental voltage constraints (23), which meansΔud(k +
1) and Δuq(k + 1) can be constrained to prevent overcurrents.

D. Voltage Constraints

The magnitudes of the voltages should be constrained to
meet the inverter output capability, which is dependent on the
dc-link voltage and the selected modulation method. Without
overmodulation, the voltage constraint can be expressed as

u2d(k + 1) + u2q(k + 1) ≤
(

1√
3
Udc

)2

(24)

where Udc is the dc-link voltage.
For time instant k + 1, the voltage constraint is

(ud(k)+Δud(k+1))2+(uq(k)+Δuq(k+1))2≤
(
Udc√
3

)2

.

(25)
In this article, (25) is used to identify whether the uncon-

strained optimum (18) violates voltage constraints. In case of
violation, the voltage constraints can be imposed onΔud(k + 1)
and Δuq(k + 1) separately⎧⎪⎨
⎪⎩

|uq(k) + Δuq(k + 1)| ≤
Udc√

3
|uq(k)+Δuq,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖

|ud(k) + Δud(k + 1)| ≤
Udc√

3
|ud(k)+Δud,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖

. (26)

The rewrite of (26) yields⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Δuq(k + 1) ≤
Udc√

3
|uq(k)+Δuq,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ − uq(k)

−Δuq(k + 1) ≤
Udc√

3
|uq(k)+Δuq,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ + uq(k)

Δud(k + 1) ≤
Udc√

3
|ud(k)+Δud,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ − ud(k)

−Δud(k + 1) ≤
Udc√

3
|ud(k)+Δud,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ + ud(k)

. (27)

Remark 5: If the unconstrained optimum (18) satisfies (25),
it will definitely satisfy (26). Therefore, (27) is used as voltage
constraints.

E. Constrained Optimizaion

After transforming current constraints (20) and voltage con-
straints (25) into incremental voltage constraints (27) and (23),
the constrained optimization can be reformulated as

ΔUdq,cons(k + 1) = arg min
ΔUdq

J (28)

subject to

ΦΔUdq(k + 1) ≤ γ

where

Φ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0
−1 0
0 1
0 −1
1 0
−1 0
0 1
0 −1

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

γ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

Ls

Ts
(iq,max − iq(k + 1)− a)

Ls

Ts
(iq,max + iq(k + 1) + a)

Ls

Ts
(id,max − id(k + 1)− b)

Ls

Ts
(id,max + id(k + 1) + b)

1√
3
Udc|uq(k)+Δuq,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ − uq(k)

1√
3
Udc|uq(k)+Δuq,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ + uq(k)

1√
3
Udc|ud(k)+Δud,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ − ud(k)

1√
3
Udc|ud(k)+Δud,unc(k+1)|

‖Udq(k)+ΔUdq,unc(k+1)‖ + ud(k)

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

.

Constrained optimization problem (28) is called the primal
problem, which is equivalent to the dual problem

max
λ≥0

min
ΔUdq

[
1

2
J + λT (ΦΔUdq − γ)

]
(29)

where λ is the Lagrange multiplier.
With the minimizaton over ΔUdq , the dual problem (29) is

equivalent to

max
λ≥0

(−1

2
λTEλ − λTF − 1

2
γT (HTWH + kuI2)

−1γ)

(30)
where

E = Φ(HTWH + kuI2)Φ
T

F = γ −Φ(HTWH + kuI2)
−1HTW (x∗ − σ(k + 1)).

ΔUdq,cons(k + 1) can be obtained through solving the dual
problem (29).

In this paper, Hildreth’s quadratic programming algorithm is
used to solve the dual problem (29). Iterative calculations are
used to obtain λ. Once λ is obtained, ΔUdq,corr(k + 1) as well
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Fig. 2. Setup of the electrical drives testbench. A: SEW Inverter for PMSM,
B: Danfoss Inverter for load induction machine (IM), C: dSPACE SCALEXIO
real-time control system, D: Interface, E: Oscilloscope, F: IM, G: PMSM.

as ΔUdq,cons(k + 1) can be calculated

ΔUdq,cons(k + 1) = ΔUdq,unc(k + 1) + ΔUdq,corr(k + 1)
(31)

where ΔUdq,corr(k + 1) is the correction term

ΔUdq,corr(k + 1) = (HTWH + kuI2)
−1 ΦTλ (32)

For more details of Hildreth’s quadratic programming al-
gorithm, the reader is referred to [26]. After obtaining
ΔUdq,cons(k + 1), the reference voltage in the synchronous
rotating d–q frame can be expressed as

U ∗
dq(k + 1) = ΔUdq,cons(k + 1) +Udq(k). (33)

With the inverse Park transformation, the reference voltage in
the stationary α–β frame can be written as

U ∗
αβ(k + 1) = K−1

αβU
∗
dq(k + 1) (34)

where

K−1
αβ =

[− sin (θ) cos (θ)
cos (θ) sin (θ)

]
.

Carrier-based pulsewidth modulation (CB-PWM) is then used
to synthesize U ∗

αβ(k + 1) and the three phase duty-cycles
Sa, Sb, Sc are obtained.

IV. EXPERIMENTAL RESULTS

In this section, dynamic as well as steady-state performances
of the proposed CCS-PSC are experimentally studied. Compar-
ative experiments with FCS-PSC, cascaded CCS-PSC [23], and
FOC are also implemented. The experimental setup is shown in
Fig. 2. A SPMSM driven by a SEW inverter is used as the test
motor, which is controlled by a dSPACE SCALEXIO real-time
controller. Nominal parameters of the SPMSM are listed in
Table I. An induction motor is used as the load motor, which
is fed by a Danfoss inverter and mechanically coupled with the
SPMSM.

The sampling frequency is set to 20 kHz and the dc-link
voltage is 560 V for all the tests. For the proposed CCS-PSC,
cascaded CCS-PSC, as well as FOC, CB-PWM is used. The
carrier frequency and the switching frequency are both 10 kHz.

TABLE I
SPMSM NOMINAL PARAMETERS

TABLE II
CONTROL PARAMETERS USED IN FCS-PSC AND THE PROPOSED CCS-PSC

TABLE III
CONTROL PARAMETERS USED IN CASCADED CCS-PSC

The maximum allowable currents in the proposed CCS-PSC,
cascaded CCS-PSC, and FCS-PSC are set to ±10 A, while the
output limits of the PI speed controller in FOC are ±10.2 A.
In FCS-PSC, the proposed CCS-PSC and cascaded CCS-PSC,
the load torque is estimated with the Kalman-filter. For more
details of load torque estimation using Kalman-filter, the reader
is referred to [17]. The control parameters used in FCS-PSC and
the proposed CCS-PSC are listed in Table II. It should be noted
that 1-norm cost function is used in FCS-PSC to suppress id
oscillations during acceleration transients, while 2-norm cost
function is used in the proposed CCS-PSC. The weighting
factors and prediction horizon of different loops in cascaded
CCS-PSC are summarized in Table III. The parameter Q refers
to the weight on the tracking performance, while R is used to
penalize the variation of the control action.

A. Comparison of Dynamic Performances

1) Acceleration Performances: Fig. 3 shows the acceleration
performances of four control schemes: FCS-PSC, the proposed
CCS-PSC, cascaded CCS-PSC, and FOC. The motor accelerates
from standstill to 2000 r/min while the load torque is not actively
applied. For FCS-PSC and the proposed CCS-PSC, fast speed
transient performance with no overshoots is achieved (settling
time: 0.086 s and 0.083 s, respectively.) The q-axis current iq
stays at the maximum allowable current of 10 A at the initial
stage of the acceleration and decreases smoothly as the system
approaches steady-state, respectively. For cascaded CCS-PSC,
the speed accelerates to the reference speed aggressively (set-
tling time: 0.064 s). The current iq stays at 10 A during the
acceleration and decreases drastically once the reference speed
is reached. Oscillations in iq are observed as the acceleration
ends. Different to FCS-PSC and the proposed CCS-PSC, large
speed overshoots (50 r/min, 2.5% of reference speed) and longer
settling time (0.091 s) are observed with FOC. Even at the
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Fig. 3. [Experimental results:] Comparative acceleration performances, for each figure-set, from up to down are: motor speed, q-axis current, d-axis current,
respectively. (a) FCS-PSC. (b) Proposed CCS-PSC. (c) Cascaded CCS-PSC. (d) FOC.

Fig. 4. [Experimental results:] Comparative dynamic responses under load torque disturbance at low speed operation, for each figure-set, from up to down are:
motor speed, q-axis current, d-axis current, respectively. (a) FCS-PSC. (b) Proposed CCS-PSC. (c) Cascaded CCS-PSC. (d) FOC.

TABLE IV
COMPARATIVE ACCELERATION PERFORMANCES

TABLE V
COMPARATIVE PERFORMANCES UNDER LOAD TORQUE DISTURBANCE AT LOW SPEED OPERATION

beginning of the acceleration, iq is not able to reach the upper
limit of the PI speed controller. Large disturbances are also ob-
served in id during the acceleration. To improve the acceleration
performance of FOC, elaborate decoupling mechanisms should
be designed.

Comparative acceleration performances of the four schemes
are summarized in Table IV. It should be noted that SSE in
speed is observed with FCS-PSC, while no SSEs in speed are
observed with FOC, the proposed CCS-PSC and cascaded CCS-
PSC. FCS-PSC is a method with high feedback gain and SSE in
speed occurs in case of model mismatches, which is normally
the case. In the proposed CCS-PSC, incremental model is used
and integrator is naturally embedded, which eliminates the SSE
in speed. In cascaded CCS-PSC, the lumped disturbance in the
speed loop is estimated by the Kalman-filter and is compensated

by the speed MPC. In FOC, the integral action of the speed
controller eliminates the speed SSE.

2) Dynamic Responses Under Load Torque Disturbance at
Low Speed Operation: Fig. 4 shows the load torque disturbance
rejection abilities of the four control schemes at low speed
operation: FCS-PSC, the proposed CCS-PSC, cascaded CCS-
PSC, and FOC. The speed reference is 300 r/min. At the time
instant 0.65 s, the reference load torque changes from 4 to 5 N·m.
The rising time of the load torque is 50 ms. For FCS-PSC and
the proposed CCS-PSC, the dynamic performances are almost
the same and the speed recovers very quickly thanks to the load
torque observer. The load torque is observed by the Kalman-filter
and its feed-forward compensation is included in the prediction.
SSE of 2.6 r/min in the speed can be observed with FCS-PSC,
which is not the case with the proposed CCS-PSC. For cascaded
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Fig. 5. [Experimental results:] Comparative dynamic responses under load torque disturbance at high speed operation, for each figure-set, from up to down are:
motor speed, q-axis current, d-axis current, respectively. (a) FCS-PSC. (b) Proposed CCS-PSC. (c) Cascaded CCS-PSC. (d) FOC.

TABLE VI
COMPARATIVE PERFORMANCES UNDER LOAD TORQUE DISTURBANCE AT HIGH SPEED OPERATION

Fig. 6. [Experimental results:] Comparative steady-state performances at low speed operation, for each figure-set, from up to down are: phase current, THD of
phase current, respectively. (a) FCS-PSC. (b) Proposed CCS-PSC. (c) Cascaded CCS-PSC. (d) FOC.

CCS-PSC, very small speed drop (5.7 r/min) is observed thanks
to its high bandwidth speed MPC and the Kalman-filter. For
FOC, the speed recovers slower and the settling time is 0.08 s.
The lack of feed-forward load torque compensation leads to
poor disturbance rejection ability. The speed recovers mainly
due to the integral action of the speed PI controller. Comparative
performances of the four schemes under load torque disturbance
at low speed operation are listed in Table V. The speed and
current ripples before and after (B/A) the load torque application
are also included. Smallest speed ripples are obtained with cas-
caded CCS-PSC at the cost of distorted q-axis current. The speed
ripples with FOC is larger than that with the proposed CCS-PSC,
while comparable current ripples in iq and id are obtained.

3) Dynamic Responses Under Load Torque Disturbance at
High Speed Operation: Fig. 5 illustrates the load torque dis-
turbance rejection performances of the four control schemes
(i.e., FCS-PSC, the proposed CCS-PSC, cascaded CCS-PSC,
and FOC) at high speed operation. The speed reference is set to
2000 r/min. At the time instant 0.65 s, the reference load torque
changes from 3 to 4 N·m. The rising time of the load torque is
50 ms. Compared with Fig. 4, similar transient performances are

observed. Once again, the proposed CCS-PSC exhibits very sim-
ilar dynamic performance with FCS-PSC (settling time 0.06 s).
The cascaded CCS-PSC exhibits the smallest speed drop (6.3
r/min). On the contrary, largest speed drop (16.2 r/min) and
slowest dynamic performance of the speed (settling time 0.08 s)
are observed with FOC. Comparative performances of the four
schemes under load torque disturbance at high speed operation
are listed in Table VI.

B. Comparison of Steady-State Performances

1) Steady-State Performances at Low Speed Operation: In
Fig. 6, steady-state performances of the four schemes (i.e., FCS-
PSC, the proposed CCS-PSC, cascaded CCS-PSC, and FOC)
at low speed operation are shown. The speed reference is 300
r/min and the load torque is 4 N·m. With a switching frequency
of 2.24 kHz, the current ripples and current THD (17.03%) with
FCS-PSC are the largest among the four control schemes. At
low speed operation, the back-EMF is relatively small and the
phase voltage variations between consecutive sampling instants
are large with FCS-PSC, which leads to large current ripples.
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Fig. 7. [Experimental results:] Comparative steady-state performances at high speed operation, for each figure-set, from up to down are: phase current, THD of
phase current, respectively. (a) FCS-PSC. (b) Proposed CCS-PSC. (c) Cascaded CCS-PSC. (d) FOC.

Fig. 8. [Experimental results:] Acceleration performance of the proposed
CCS-PSC with ku = 0, from up to down are: motor speed, q-axis current,
d-axis current, respectively.

With the proposed CCS-PSC, current THD is reduced to 3.68%.
For cascaded CCS-PSC, the phase current is distorted and its
THD is 10.66%. The phase spectrum is corrupted with low
frequency components up to 1 kHz, which originate from the
q-axis reference current given by the outer speed loop. For FOC,
the current THD (3.42%) is the smallest among all the control
schemes.

2) Steady-State Performances at High Speed Operation:
Fig. 7 illustrates the steady-state performances of the four
control schemes (i.e., FCS-PSC, the proposed CCS-PSC,
cascaded CCS-PSC, and FOC) at high speed operation. The
speed reference is 2000 r/min and the load torque is 4 N ·
m. As can be seen from the figure, all of the steady-state
performances with the four schemes are improved compared to
those in Fig. 6. With FCS-PSC, large phase current ripples are
still observed and the current THD is reduced from 17.03% to
13.66%. The reason is partly the increase of switching frequency
(from 2.24 to 4.67 kHz). Another reason is the smaller phase
voltage variations between consecutive sampling instants. The
fundamental frequency of the phase current is 100.16 Hz due to
SSE in the speed. With the proposed CCS-PSC, phase current
ripples are suppressed and the current THD is reduced from
3.68% to 3.28%, with the same switching frequency of 10 kHz.
Compared to FCS-PSC, the proposed CCS-PSC is preferred
at high speed operations. The switching frequency with the

proposed CCS-PSC is only 2.14 times of that with FCS-PSC,
but the current THD reduces to 1/4.16 times of that with the
FCS-PSC (In this case, reference speed is 2000 r/min). For
cascaded CCS-PSC, the current THD is slightly higher than
that with the proposed CCS-PSC. Harmonics between 400 and
600 Hz are clearly seen in the phase spectrum. The current THD
with FOC are the smallest among the four schemes due to the
low-bandwidth of the speed PI controller. The q-axis reference
current contains few harmonics. On the contrary, for FCS-PSC
and the proposed CCS-PSC, speed harmonics are reflected in
the phase spectra since the speed and the q-axis current are con-
trolled in the same term. For cascaded CCS-PSC, the high band-
width outer loop speed MPC generates q-axis reference current
filled with harmonics, which contributes to the rise of the current
THD.

Remark 6: It should be clarified whether it is reasonable to
compare FCS-PSC with CCS-PSC (specifically, the proposed
CCS-PSC and cascaded CCS-PSC) and FOC under different
switching frequencies. Indeed, one may prefer to compare them
under the same switching frequency. However, it is impossible
to increase/decrease the switching frequency with FCS-PSC,
CCS-PSC, and FOC, while maintaining their intrinsic mer-
its at the same time. Moreover, the control parameters (e.g.,
weighting factors, PI coefficients) have significant impact on
the control performances. Generally speaking, FCS-PSC is a
special application of FCS-MPC, which means FCS-PSC has
common characteristics with FCS-MPC. For FCS-MPC, the
switching frequency is dependent on the operating point, the
sampling frequency and the weighting factors. Meanwhile, the
performances of CCS-PSC and FOC are directly related to
the CB-PWM. Hence, the comparison between FCS-MPC and
CB-PWM could give us some insights, although not com-
plete. It has been shown in [29] that at low switching fre-
quency operations, FCS-MPC performs better than CB-PWM.
Above certain switching frequency, the CB-PWM is superior
to FCS-MPC. It implies that the current THD with FCS-PSC
could be smaller than that with CCS-PSC and FOC, when
the switching frequency is below certain threshold value. This
threshold value varies for different controller settings. Even
the change of the sampling time yields a different threshold
value. Based on the above considerations, the purpose of the
comparisons in Figs. 6 and 7 is to show the properties of
the four control schemes rather than find a certain threshold
value.
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TABLE VII
COMPUTATION TIME OF THE PROPOSED CCS-PSC AND CASCADED CCS-PSC

IN SCALEXIO REAL-TIME CONTROLLER

V. IMPLEMENTATION ASPECTS

In this section, implementation aspects of the proposed CCS-
PSC are investigated. The computational burden, noise immu-
nity as well as the robustness against parameter mismatches in
inertia are discussed in detail.

A. Computational Burden

As can be seen in (31), the unconstrained solution
ΔUdq,unc(k + 1) and correction term ΔUdq,corr(k + 1) are
used to obtain constrained solution ΔUdq,cons(k + 1). Note that
the calculation of ΔUdq,corr is based on the Lagrange multiplier
λ, which is obtained through iterative computations.

Obviously, matrix operations and iterative computations con-
stitute to the main computational burden. The matrix operations
are computationally cheap, since the highest order of the matri-
ces is 2. For the iterations, the Lagrange multiplier is updated
element to element

λm+1
i = max(0, ξm+1

i ) (35)

and

ξm+1
i = − 1

Eii

⎡
⎣F i +

i−1∑
j=1

Eijλ
m+1
j +

n∑
j=i+1

Eijλ
m
j

⎤
⎦ (36)

where the subscripts correspond to indices of respective ma-
trix/vector elements, while the superscripts represent the corre-
sponding iteration cycles.

Within each sampling period, the iteration terminates once
λ converged or the specified iteration upperlimit is exceeded.
Note that no matrix inversion is required in the iterations, the
computational complexity for each iteration cycle is moderate.

The respective computation time of the proposed CCS-PSC
and cascaded CCS-PSC in dSPACE SCALEXIO real-time con-
troller is shown in Table VII. Only the maximum required
computation time of each method is recorded. For the proposed
CCS-PSC, the iteration upperlimit is 20. As can be seen from the
table, the maximum required computation time is only 2.6 μs,
which is 1/6.38 times of that with the cascaded CCS-PSC. For
cascaded CCS-PSC with long prediction horizon, inversion of
matrices with high order is computational expensive. It can be
concluded that with the proposed CCS-PSC, the computational
complexity is relatively low.

B. Noise Immunity

In electrical drives noises commonly exist, including but not
limited to speed and current measurement noises. For high band-
width controller such as CCS-PSC, noise immunity is critical.
Low noise immunity leads to excessive variation of inverter
output voltages as well as high frequency current ripples. These

TABLE VIII
INFLUENCE OF ku ON CURRENT THD (LOAD TORQUE: 4 NM)

high frequency current ripples pose challenges to the rotor shaft
and the permanent magnet. Moreover, the resulting iron losses
and copper losses deteriorate the overall system efficiency. Thus,
the current THD should be relatively low in the presence of
noises.

In the proposed CCS-PSC, the weighting factor ku is used to
achieve low sensitivity to noises. With a nonzero ku, noise re-
lated unnecessary variations of the output voltages are penalized.
In consequence, the current THD can be improved. Table VIII
shows the influence of ku on current THD at low speed (300
r/min) and high speed (2000 r/min) operation. The load torque
is 4 N · m. For ku equal to 0, the current THD is relatively high.
Increase ku merely to 1e-4, current THD decreases significantly.

To better illustrate the influence ofku, the acceleration process
of the proposed CCS-PSC is revisited. With ku equal to 0, the
acceleration process is shown in Fig. 8. The motor accelerates
from standstill to 2000 r/min, while the load torque is not actively
applied. Compared with Fig. 3(b) (ku= 1e-4), the d-axis current
deviates more from the horizontal axis during the acceleration.
Moreover, ripples in d-axis current are relatively large. Since
no penalization is posed on the variations of voltage, the d-axis
voltage varies excessively due to the low signal-to-noise ratio in
d-axis current. The consequence is the poorly controlled d-axis
current, filled with high frequency ripples.

Based on the experimental results and theoretical analysis,
a nonzero weighting factor ku is suggested to achieve noise
immunity.

C. Robustness Against Parameter Mismatches in Inertia

In practical applications, model uncertainties and parameter
mismatches are often the case. To tackle this issue, incremental
SPMSM model, which naturally includes integral actions is used
in the proposed CCS-PSC. As shown in Section IV, no SSE in
speed is observed.

Note that the system inertia is related to the mechanical
part (e.g., control side motor, couplings as well as the load
side motor), which cannot be extracted directly from the motor
nameplates. Instead, the inertia is obtained through accelera-
tion/deceleration tests. The calculation of the inertia is based on
the mechanical model, which may be inaccurate. In addition, the
nonlinear properties of the friction coefficient complicates the
calculation.

Therefore, the robustness of the proposed CCS-PSC is inves-
tigated with parameter mismatches in inertia J , which is shown
in Fig. 9. The motor accelerates from standstill to 500 r/min
without actively applied load torque. For each acceleration,
the parameter inertia in the prediction model differs from one
another. As can be seen from the figure, the speed settling
time varies. Nonetheless, the actual speed is able to track the
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Fig. 9. [Experimental results:] Acceleration performance of the proposed
CCS-PSC with parameter mismatches in inertia J .

reference accurately at steady-state. The result demonstrates that
the proposed CCS-PSC is robust to a wide range varying J .

VI. CONCLUSION

In this article, a CCS–PSC strategy with short prediction
horizon has been proposed to achieve balanced steady-state
and dynamic performances. The optimization problem has been
formulated as a QP. The current and voltage constraints have
been reformulated and transformed into respective incremen-
tal voltage constraints, which facilitates the solving of the
QP. Reduced-order incremental SPMSM model has been used,
where the integral action is naturally embedded. In this way,
SSE in the speed is eliminated. Comparative experiments have
been implemented to evaluate the performance of the proposed
CCS-PSC. As can be seen from the experimental results, low
current THD is obtained, while high dynamic speed responses
are maintained with the proposed CCS-PSC.
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